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Rotor airfoilAbstract A new experiment for airfoil dynamic stall is conducted by employing the advanced par-
ticle image velocimetry (PIV) technology in an open-return wind tunnel. The aim of this experimen-
tal investigation is to demonstrate the influences of different motion parameters on the convection
velocity, position and strength of leading edge vortex (LEV) of airfoil under different dynamic stall
conditions. Two different typical rotor airfoils, OA209 and SC1095, are measured at different free
stream velocities, oscillation frequencies, and angles of attack. It is demonstrated by the measured
data that the airfoil with larger leading edge radius could notably decrease the strength of LEV. The
angle of attack (AoA) of airfoil can obviously influence the dynamic stall characteristics of airfoil,
and the LEV would be effectively inhibited by decreasing the mean pitch angle. In addition, the con-
vection velocity of LEV is estimated in this measurement, and the results demonstrate that the influ-
ence of airfoil shape on convection velocity of LEV is limited, but the convection velocity of LEV
would be increased by enlarging the oscillation frequency. Meanwhile, the convection velocity of
LEV is a time variant value, and this value would increase as the LEV convects to the trailing edge
of airfoil.
 2016 Chinese Society of Aeronautics and Astronautics. Published by Elsevier Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The dynamic stall characteristics of rotor airfoil have signifi-
cant influences on aerodynamic characteristics of helicopter.To satisfy the operational requirements of helicopter, the move-
ments of rotor blades include pitching motion, flapping motion,
lag motion, rotary motion and so on. Therefore, the rotor
blades work at extraordinarily serious unsteady environment
compared with fixed wing aircraft. As a result, the aerodynamic
characteristics of rotor airfoil are more complex, and the aero-
dynamic characteristic curves of rotor airfoil during dynamic
stall are presented as a hysteresis loops which are different from
the steady states obviously. Therefore, a lot of bad influences,
such as stall flutter, noise enlarging, vibration increasing and
so on, are aroused by these unsteady characteristics.1,2 Because
the unsteady aerodynamics is not understood completely, the
researchers are still perplexed by the dynamic stall
Fig. 1 Comparison of OA209 airfoil with SC1095 airfoil.
Fig. 2 Schematic of experiment.
Table 1 Test states of experiment.
Parameter Value
Oscillating frequency (Hz) 1.6, 2.4
Free stream velocity (m/s) 5, 10, 15
Pitch oscillation amplitude () 16.0
Angle of attack () 5, 10
Airfoil OA209, SC1095
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rotor airfoil are important issue in the field of unsteady heli-
copter aerodynamics, and the investigations on dynamic stall
of rotor airfoil have received considerable attentions in recent
years.3–5
Nowadays, the investigations on dynamic stall mainly focus
on the sophisticated physical essence. In fact, the numericalFig. 3 Flowchartmethod, computational fluid dynamics (CFD), have great
developments since the performance of computer develops
rapidly in recent years, and they are successfully employed to
simulate and analyze the aerodynamic characteristics of airfoil
dynamic stall6–11 because these methods could effectively
reduce the cost and research time. Unfortunately, the results
calculated by CFD methods are still unconvinced by theoreti-
cal researchers, because the turbulence models used to simulate
the viscosity of flowfield would not accurately reflect the true
characteristics of unsteady flowfield. Therefore, the experimen-
tal methods are the indispensable approaches for investigating
the dynamic stall characteristics of airfoil, since these methods
could provide reliable data and intuitional physical phe-
nomenon of the dynamic stall. In the last 40 years, many
researchers12–15 have measured the airloads of airfoil under
dynamic stall condition. The measurement of velocity distribu-
tion around airfoil is a difficult task, especially for the dynamic
stall conditions, because the airflow is induced by the unsteady
vortex which convects from the leading edge of airfoil to the
trailing edge of airfoil. With the developments of the com-
puter, laser and related technologies, the 2D and 3D particle
image velocimetry (PIV) technology is successfully employed
to measure the flowfield velocity around airfoil,16–18 and a
lot of useful information is obtained by this method.
The convection velocity of leading edge vortex (LEV) is an
important parameter to establish the empirical models for
dynamic stall of rotor airfoil, such as Leishman–Beddoes
model.19,20 However, fewer experiments consider this informa-
tion and some disputes still exist, i.e., the convection velocity
of the LEV does not have a generally accepted value. Mean-
while, it is indicated by numerically simulated results that the
leading edge radius has significant influence on the dynamic
stall characteristics of airfoil, but fewer experiments focus on
this information. As a result, it is necessary to measure and
analyze the characteristics of LEV of different airfoils under
the dynamic stall conditions.
In order to research the physical essence of the airfoil
dynamic stall more deeply, an experiment about rotor airfoil
dynamic stall was conducted at National Key Laboratory of
Science and Technology on Rotorcraft Aeromechanics, Nan-
jing University of Aeronautics and Astronautics. In this exper-
iment, the advanced PIV technology was adopted to measure
the unsteady flowfield around typical rotor airfoils under
dynamic stall conditions. In order to test and analyze the char-
acteristics of the LEV of airfoil, the experimental states ofof experiment.
Fig. 4 Velocity distribution of separated flow around SC1095 airfoil (a= 18).
Fig. 5 Calculation of convective velocity of LEV.
360 Q. Wang, Q. Zhaodynamic stall include different free stream velocities V1 (5 m/s,
10 m/s and 15 m/s), oscillation frequencies f (1.6 Hz and
2.4 Hz), angles of attack a (5 and 10) and airfoils (OA209
and SC1095).
2. Experimental setup and procedure
2.1. Experimental equipment
Two typical helicopter rotor airfoils, OA209 airfoil and
SC1095 airfoil, are selected to compose the blade sections in
this experiment. As shown in Fig. 1, it can be noticed thatthe SC1095 airfoil has a larger leading edge radius rLE
compared with the OA209 airfoil. The schematic of the
experiment is shown in Fig. 2. It is illustrated that the main
equipment of this dynamical stall experiment includes wind
tunnel system, rotor blade models, PIV system and other aux-
iliary equipment. The wind tunnel is an open-return design
with 2.4 m  3.4 m  5.0 m test section, and the maximum free
stream velocity is 50 m/s. The span length and chord length of
the blade models are 0.5 m and 0.2 m, respectively. The effec-
tive pixels of the CCD camera employed in this experiment is
1600  1200 and the measurement area of the CCD camera is
0.338 m  0.450 m.
Fig. 6 Comparisons of flowfield under light dynamic stall condition at low oscillating frequency (V1= 5 m/s).
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Fig. 7 Comparisons of flowfield under light dynamic stall condition at low oscillating frequency (V1= 10 m/s).
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Fig. 8 Comparisons of flowfield under light dynamic stall condition at low oscillating frequency (V1= 15 m/s).
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364 Q. Wang, Q. Zhao2.2. Experimental conditions
The main target of this experiment is to measure the character-
istics of LEV of airfoil. In order to satisfy the feasibility of this
dynamic stall experiment, the moving manner of the rotor
blade is reasonably simplified. As a result, the important pitch-
ing motion remains and the subordinate flapping motion is
ignored. The experiment of rotor airfoil dynamic stall was
conducted at different free stream velocities, oscillating
frequencies and angles of attack, and the test states of the
experiment are provided in Table 1.
The flowchart of this experiment is shown in Fig. 3. The
sinusoidal vibration of rotor blade model is driven by motor
which is controlled by frequency controller. Both the laserFig. 9 Comparisons of flowfield under light dynamic staland CCD camera are controlled by the computer of PIV
system, and the signal synchronizer ensures the laser and
CCD camera working at the same frequency.
2.3. Experimental verification
In order to verify the effectiveness of PIV technology used in
flowfield measurement of rotor airfoil, the measurement of the
SC1095 airfoil under steady condition was accomplished before
the dynamic stall experiment. The free stream velocity of the
steady experiment was fixed at 20 m/s, and the angle of attack
of 18 (separated flow condition) was selected in this measure-
ment. The measured results are shown in Fig. 4(a), and the
numerical results simulated by FLUENT software at the samel condition at high oscillating frequency (V1= 5 m/s).
Fig. 10 Comparisons of flowfield under light dynamic stall condition at high oscillating frequency (V1= 10 m/s).
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observed that the magnitude of the flowfield velocity and the
range of separated region calculated by the CFD method agree
well with the results measured by the PIV technology. It is
demonstrated that the PIV technology can be effectively
employed to measure the flowfield velocity of rotor airfoil.
3. Measured results and analyses
The instantaneous original images taken by CCD camera of
PIV system are shown on the lift side of Fig. 5, and the velocity
distributions of the flowfield around the LEV are shown in the
right side of Fig. 5. It can be noticed that the smoke stream
basically displays the characteristics of airflow around airfoil,such as LEV, separation regions, etc. In order to illustrate
the physical characteristics of the unsteady flowfield around
airfoils, 10 high-quality samples of the flowfield were picked
out from about 30 measured data to calculate the final results
at the same angle of attack (AoA) in different vibration cycles,
and the velocities of flowfield were calculated by the cross-
correlation method.
TheLR shown inFig. 5 represents the relative positionofLEV,
and the data is nondimensionalized by the chord length c of air-
foil. Because the sample frequency of the PIV system is fixed at
10 Hz, the time interval between T1 (earlier time) and T2 (later
time) is 0.1 s. Therefore, the convection velocity of the LEV can
be conveniently estimated by measuring the convection distance
LC of the LEV. In order to reflect the strength of the LEV, the
Fig. 11 Comparisons of flowfield under light dynamic stall condition at high oscillating frequency (V1= 15 m/s).
366 Q. Wang, Q. Zhaocirculation of theLEV is estimated basedon the integration along
the LEV, and the estimated formula can be written as
C ¼
Z
L
V  ds ð1Þ
where C represents the circulation of vortex, V the flowfield
velocity along the integral curve, and ds the micro-segment
of the integral curve. In order to accomplish the calculation
of the circulation, the integration could be expressed as a sum-
mation, i.e.,
C 
XN
i¼1
Vi  Ds ð2Þ
where N denotes the number of micro-segment.3.1. Flowfield measurement at dynamic stall condition
3.1.1. Light dynamic stall at low oscillating frequency
The PIV measurement results of two types of rotor airfoil at
different free stream velocities are shown in Figs. 6–8, the oscil-
lating frequency of this case is 1.6 Hz, and the reduced fre-
quencies at different free stream velocities are 0.201 (5 m/s),
0.1 (10 m/s), and 0.067 (15 m/s), respectively. The
a ¼ 4:9 þ 15:7 sinð2pftÞ, where t is oscillation time. It is
noticed that the airflow is basically attached on the surface
of both the OA209 airfoil and the SC1095 airfoil under these
unsteady conditions, but separation regions appear nearby
the trailing edge of the airfoils when the blade models are
Fig. 12 Comparisons of flowfield under deep dynamic stall condition at low oscillating frequency (V1= 5 m/s).
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Fig. 13 Comparisons of flowfield under deep dynamic stall condition at low oscillating frequency (V1= 10 m/s).
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Fig. 14 Comparisons of flowfield under deep dynamic stall condition at low oscillating frequency (V1= 15 m/s).
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Fig. 15 Comparison of relative position of LEV between OA209
airfoil and SC1095 airfoil at low oscillating frequency.
370 Q. Wang, Q. Zhaopitching down, and the strength of the separation region is
mainly alleviated with the decrease of the reduced frequency.
Another feature of the flowfield should be noticed is that there
is no obvious LEV shed from the leading edge of the two
different airfoils under the conditions of the measurement.
3.1.2. Light dynamic stall at high oscillating frequency
The measured results at higher oscillating frequency (2.4 Hz)
of the measurement are shown in Figs. 9–11, and
a ¼ 5:2 þ 16:1 sinð2pftÞ. In this case, the reduced frequen-
cies at different free stream velocities are 0.302 (5 m/s),
0.151 (10 m/s), and 0.101 (15 m/s), respectively. It is noticed
that the LEV is not observed in both the SC1095 airfoil
and the OA209 airfoil under these unsteady conditions.
Meanwhile, it can also be observed that the acceleration phe-
nomenon around the leading edge of the OA209 airfoil is
more obvious than that of SC1095 airfoil since the leading
edge radius of the OA209 is smaller. As the freestream veloc-
ity increases, it is illustrated that the separated region of the
flowfield is mainly reduced with the decrease of the reduced
frequency.
3.1.3. Deep dynamic stall at low oscillating frequency
Compared with Case 3.1.1, the mean pitching angle of the
blade model in this case is enlarged by about 5, i.e.,
a ¼ 10:0 þ 15:8 sinð2pftÞ, the oscillating frequency of the
blade model keeps at 1.6 Hz, and the reduced frequencies for
different free stream velocities are the same as the data in
the Case 3.1.1, i.e., 0.201 (5 m/s), 0.1 (10 m/s), and 0.067
(15 m/s). The measurement results of the airfoil flowfield at dif-
ferent free stream velocities are shown in Figs. 12–14, respec-
tively. It is illustrated that the LEV of airfoil is well captured
when it is shed from the leading edge of airfoil. The circulation
of the LEV of the OA209 airfoil in Fig. 12 at the AoA of 26.6
is 0.586 m2/s, and the LEV circulation of the SC1095 airfoil at
the same AoA is 0.487 m2/s (with the same radius of integra-
tion), therefore, it is indicated that the LEV of OA209 airfoil
is stronger than the LEV of the SC1095 airfoil. This phe-
nomenon may be attributed to the reason that the leading edge
radius of the OA209 airfoil is smaller than the leading edge
radius of the SC1095 airfoil, because the adverse pressure gra-
dient of airfoil with smaller leading edge radius is usually shar-
per than that of larger leading edge radius. As the free stream
velocity increases from 5 m/s to 15 m/s, the position of the
LEV at the same AoA moves to the trailing edge of airfoil
gradually, and the relative position of LEV (nondimensional-
ized by chord length of airfoil) are shown in Fig. 15. It can
be seen that the convection velocity of the LEV is obviously
influenced by free stream velocity, but the convection velocity
of LEV is insensitive for different airfoils.
3.1.4. Deep dynamic stall at high oscillating frequency
The measurement results of flowfield at different free stream
velocities under deep dynamic stall conditions are shown in
Figs. 16–18, respectively. In this case, the oscillating frequency
of the measurement increases to 2.4 Hz, meanwhile the
a ¼ 10:1 þ 16:2 sinð2pftÞ and the reduced frequencies remain
the same value of the Case 3.1.2. For the case of free stream
velocity of 5 m/s, the LEV circulation of the OA209 airfoil
at AoA of 26.1 is 0.684 m2/s, and the LEV circulation of
the SC1095 airfoil under the same condition is 0.445 m2/s. Itis indicated that the vortex strength of the OA209 airfoil is
larger than that of the SC1095 airfoil. As a result, the induc-
tion of the LEV of the OA209 airfoil is more obvious com-
pared with the SC1095 airfoil. Therefore, the velocity
distribution nearby the upper surface of OA209 airfoil is gen-
erally larger than the velocity distribution of SC1095 airfoil.
The relative position of LEV is shown in Fig. 19 and it also
can be seen that the relative position is enlarged gradually with
the increase of the free stream velocity.
3.2. Calculation of convection velocity of vortex
The measured results of the LEV convection velocities at free
stream velocity of 5 m/s are shown in Fig. 20, and the reduced
frequencies at different oscillating frequencies are 0.201
(1.6 Hz) and 0.302 (2.4 Hz). It is indicated that the convection
velocity of the LEV is obviously smaller than the free stream
velocity, and the dimensionless convection velocity of the
LEV is about 0.4. It can also be seen that the convection veloc-
ity of LEV has no remarkable difference between the OA209
airfoil and the SC1095 airfoil in the same measurement state,
but the convection velocity has slight difference for different
reduced frequencies. The convection velocity of LEV at higher
reduced frequency is larger than the value at lower reduced fre-
quency, because the vortex is more easily separated from the
upper surface of airfoil under severe unsteady condition, i.e.,
higher reduced frequency.
In order to investigate the characteristics of the LEV, the
convection velocity of LEV at different relative locations is
shown in Fig. 21 (the measurement state is the same as Case
3.1.3 with the free stream velocity of 5 m/s). It is noticed that
the convection velocity of LEV is separated into two different
groups, named as surface vortex and wake vortex, respectively.
The surface vortex represents that the LEV still attaches on the
surface of airfoil, and the wake vortex represents that the LEV
has been separated from the surface of airfoil. It can be seen
that the convection velocity of LEV is not a constant value
and accelerated when it sheds from the leading edge of airfoil.
The convection velocity of surface vortex is distributed among
the velocity range of 1.5–2.6 m/s, and the value of wake vortex
is distributed among the velocity range of 2.2–3.5 m/s. In order
to indicate the relationship between convection velocity of
LEV and free stream velocity, the average convection velocity
Fig. 16 Comparisons of flowfield under deep dynamic stall condition at high oscillating frequency (V1= 5 m/s).
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the results are 0.39 for surface vortex and 0.55 for wake vortex,
respectively. As the reduced frequency of the blade model
increases, the LEV might be separated from the surface of air-
foil more easily, and as a result, the convection velocity of LEV
increases.
4. Conclusions
A new dynamic stall experiment of typical rotor airfoil
OA209 and SC1095 was accomplished, and the LEV of air-
foil was measured under different dynamic stall conditionsby employing advanced PIV technology. Meanwhile, the
convection velocity of LEV is also estimated in this
experiment.
(1) Although the shape of airfoil has no obvious influence
on the convection velocity of LEV, it can still effectively
influence the strength of LEV. The airfoil with larger
leading edge radius could inhibit the LEV, because the
airfoil with larger leading edge radius would notably
decrease the adverse pressure gradient of airfoil near
the leading edge which would influence the critical con-
dition of LEV.
Fig. 17 Comparisons of flowfield under deep dynamic stall condition at high oscillating frequency (V1= 10 m/s).
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velocity of LEV. By enlarging the reduced frequency
of airfoil, the convection velocity of LEV would increase
gradually.
(3) The AoA of airfoil can significantly influence the
dynamic stall characteristics and the LEV could be
inhibited by reducing the AoA. Because there is no obvi-
ous LEV observed under the condition of small AoA,
the influence of the AoA on the convection velocity is
still unknown.(4) The convection velocity of LEV is associated with the
free stream velocity, and it will increase when the free
stream velocity increases. Meanwhile, the convection
velocity of LEV is time variant value and it would
increase when it convects to the trailing edge of airfoil.
Due to the limitation of the experimental equipment, the
information of convection velocity at higher free stream speed
is not included in this experiment, but it would be one of the
investigations about dynamic stall of airfoil in the future.
Fig. 18 Comparisons of flowfield under deep dynamic stall condition at high oscillating frequency (V1= 15 m/s).
Fig. 19 Comparison of relative position of LEV between OA209
airfoil and SC1095 airfoil at high oscillating frequency.
Fig. 20 Convection velocity of LEV at free stream velocity of
5 m/s.
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Fig. 21 Distribution diagram of LEV convection velocity.
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